Density functional theory and ab initio molecular dynamics simulations are applied to investigate the initial steps of ethylene carbonate (EC) decomposition on spinel Li 0.6 Mn 2 O 4 (100) surfaces. EC is a key component of the electrolyte used in lithium ion batteries. We predict an slightly exothermic EC bond breaking event on this oxide facet, which facilitates subsequent EC oxidation and proton transfer to the oxide surface. Both the proton and the partially decomposed EC fragment weaken the Mn-O ionic bonding network. Implications for interfacial film made of decomposed electrolyte on cathode surfaces, and Li x Mn 2 O 4 dissolution during power cycling, are discussed. keywords: lithium ion batteries; lithium manganate; ethylene carbonate; density functional theory; ab initio molecule dynamics; computational electrochemistry 1
I. INTRODUCTION
Lithium ion batteries (LIB) featuring transition metal oxide cathodes and organic solventbased electrolytes are currently the energy storage devices used to power electric vehicles.
The high operational voltages of LIBs allow them to store significant amount of energy. However, these voltages can also induce electrochemical side reactions at electrode-electrolyte interfaces.
1-3 These lead to irreversible capacity loss, power fade, durability, and safety issues.
Understanding and controlling these interfacial reactions are of great interest for improving electric vehicles.
In this work, we focus on the basic science of one such reaction, and apply first principles computational techniques to study the first steps of ethylene carbonate (EC) decomposition on the (100) surface of spinel Li x Mn 2 O 4 used as the cathode material in many lithium ion batteries. 4-7 EC (Fig. 1 ) is an indispensible electrolyte component for batteries that rely on graphitic carbon anodes. At the negative voltages needed to charge up a battery and intercalate Li + into graphite, EC-containing electrolyte decomposes to form stable solidelectrolyte interphase (SEI) films that prevent further electron leakage to the electrolyte.
1-3
As such, substantial theoretical work has been devoted to excess electron-induced EC chemical reactions in the vicinity of the anode. [8] [9] [10] [11] [12] [13] One may argue that its ubiquity and critical role make EC in LIB the battery equivalent of the H 2 O molecule in biology, geochemistry, and many solid-liquid interfacial science disciplines. The present work is indeed modeled after theoretical studies on water-on-mineral surfaces.
15-18
Oxidative reactions of organic electrolytes on cathode surfaces and formation of surface film from electrolyte decomposition products there are arguably less well understood than reduction on anode surfaces, especially at the atomic lengthscale. Electrolyte decomposition products such as LiF, 28 acetone, 19 aldehydes, 31 carbon dioxide, 20,21,31 organic radicals, 27 and unidentified polymer, polyether, and carboxylic acid species 22, [24] [25] [26] 34 have been detected either in gas form or on the surfaces of Li x Mn 2 O 4 , as well as on Li x CoO 2 and noble metal electrodes set at voltages comparable to those of Li x Mn 2 O 4 . The salt used in the electrolyte strongly affects the surface film composition and properties. 22, 23, 32, 49, 51, 52 For example, LiPF 6 yields fluorine compounds that slow down Li + transport into the cathode.
28,32
The electrode is also degraded by side reactions. After cycling power, Li x Mn 2 O 4 , exhibits surface morphology changes and loss of Mn and oxygen ions. It has been widely accepted that Mn(III) ions on spinel electrode surfaces disproportionate into Mn(IV) and Mn(II), 54 the latter of which dissolves into the electrolyte. The presence of acid has been shown to facilitate dissolution and cathode degradation. 5 In organic solvents, acid has been speculated to come from reactions between PF − 6 and trace water, 41 or from organic solvent decomposition products themselves. 32 Counterions other than PF − 6 cause slower Mn 2 O 4 dissolution. 32, 41 There is also evidence that the emergence of protonintercalated surface regions 41 or other surface phases, 43 not just the loss of Mn active mass from the electrode, is responsible for cathode capacity loss. Dissolved Mn ions have been shown to diffuse to the anode, degrading the SEI there and weakening anode passivation.
49-53
Thus anode and cathode degradation are closely related. Despite these key insights from experimental efforts, the free energy changes, activation barriers, specific surface configura- ide slab generated by expanded the oxide slab used in static calculations twofold. 32 EC molecules are confined between the two surfaces of the slab in the periodically replicated simulation cell. Γ-point Brillouin zone sampling and a 10 −6 eV convergence criterion are applied at each Born-Oppenheimer time step. The trajectories are kept at an average temperature of T=450 K using Nose thermostats. Tritium masses on EC are substituted for protons to permit a time step of 1 fs. Under these conditions, the trajectories exhibit drifts of less than 2 K/ps. EC configurations are pre-equilibrated using Monte Carlo simulations and simple molecular force fields, as described in an earlier work. 11 We also report AIMD simulations of hydroxylated MnO 2 surfaces in appendix B, using deuterium masses for H atoms and a 0.5 fs time step there.
AIMD potential-of-mean-force (PMF, denoted as W (R) hereafter) calculations apply composite reaction coordinates of the form R=R 1 −R 2 . R covers the first two steps of the reaction. R 1 and R 2 are the distances between the O E and C C atoms and between C C and O 1 (on the oxide surface), respectively ( Fig. 1 ). In the next step, we apply another To determine Mn charge states, we examine the electron spin on each Mn ion demarcated according to PAW orbital projections. 72 All calculations allow unconstrained spin polarization. Bulk LiMn 2 O 4 crystal is antiferromagnetic (AFM). We have imposed an AFM ordering on alternate Mn planes along the (011) direction. The bare spinel surface slab is also AFM.
III. RESULTS

A. Gas phase energetics
The DFT/PBE functional predicts that gas phase disproportionation of ethylene carbonate into carbon dioxide and acetaldehyde,
is exothermic by 0.317 eV at T=0 K, not counting zero-point energy or finite temperature entropic effects which should further favor dissociation. This result is qualitatively consistent with a reported hybrid DFT predictions which however include entropy contributions. 79 We have not calculated the activation energy, but it must be high for metastable EC to be useful in battery operations. No electron is transferred in Eq. 1. The corresponding disproportionation products for PC would be CO 2 and acetone ((CH 3 ) 2 CO). Therefore observation of CO 2 and acetone/acetaldehyde in experiments may not always arise from electrolyte oxidation, as was already pointed out. 19, 20 They could be also be the product of EC/PC catalytic decomposition on battery material surfaces.
B. Reaction intermediates
Next we consider the intermediates associated with EC decomposition on Li 0.6 Mn 2 O 4 .
Discussions of the activation barriers between them will be deferred to later sections. to the surface than one where EC is in upright. The overall magnetic polarization of the simulation cell is 2 µ B , If a net zero spin polarization constraint is imposed, the total energy increases by only 0.040 eV. This underscores the fact the energy differences associated with spin flipping tend to be small.
In the first reaction intermediate B (Fig. 2b) , the carbonyl carbon atom (C C , Fig. 1 ) is subjected to nucleophilic attack by an oxygen atom on the surface, becoming 4-coordinated and sp 3 hybridized. This bent EC species is reminscent of the bent EC − geometry during (Fig. 2) , in eV, computed at T=0 K using different methods.
electrochemical reduction of EC at anode surfaces. 14 However, a maximally localized Wannier function 80 analysis performed on this configuration reveals that the EC carries no net charge.
The configuration change is slightly exothermic ( Table I ). Note that two types of oxygen ions exist on the (100) surface even in the absence of adsorbed EC: those bonded to an Mn ion on the subsurface layer, and those that are not. The latter are more reactive, and the EC adsorption configuration is chosen so that the C C atom can bind to the latter type.
The next intermediate C (Fig. 2c) features one broken C C -O E bond, with the C C atom now reverting to sp 2 hybridization. Both the O E atom on the broken bond and C C become coordinated to the surface while the carbonyl oxygen (O C ) is detached. The surface Mn ion bound to the O E atom now has 6-ionic or covalent bonds and transitions from a +3 to a +4 charge state, with an 3d electron originally in its 3d shell migrating to a Mn(IV) on the surface (appendix A).
In Fig. 2d (product D), the proton on the C E atom closest to the surface is transferred to a surface oxygen with a substantial gain in energy (Table I) (Table I ). The configuration in Fig. 2e maintains a +|e| charge in both the T=0 K optimized geometry and the AIMD snapshot, counting only the electrons on the original C and O atoms of the EC.
DFT+U predictions depend on the value of U. This is especially a concern with the C→D reaction, a redox process accompanied by Mn charge state changes. The redox potentials of transition metal ion centers have been shown to depend on DFT functionals in some cases.
81-84
Thus we have applied the widely used hybrid DFT functional PBE0, which carries no tunable parameters, to spot-check DFT+U results. The predicted exothermicities differ by less than 0.16 eV in all cases considered (Table I ). In particular, the overall A→D redox reaction at T=0 K differ only by 0.15 eV. The good agreement shows that the results are not strongly dependent on DFT functionals, and gives us confidence in DFT+U-based predictions for our system.
C. Activation (free) energies: A to C Figure 3 depicts the zero temperature energy profile connecting A (Fig. 2a) and B (Fig. 2b) , computed using the climbing image NEB method. The barrier is 0.240 eV. This small barrier is substantially less than the endothermicity associated with the EC bending motion on hydroxylated LiAlO 2 surfaces, 14 presumably because EC binds more strongly to
The barrier between intermediates B and C has not been calculated at T=0 K. Instead, PMF calculations are initiated from the unconstrained trajectory. We start with a snapshot where an intact surface EC molecule exhibits an adsorption geometry resembling Fig. 2a . As mentioned in Sec. II, a composite reaction coordinate R=R 1 -R 2 is applied, where R 1 is the distance between C C and O E and R 2 is that between C C and O 1 on the surface (Fig. 1) . If the simple coordinate R = R 1 is used, the EC tends to desorb from the surface during the AIMD trajectory before bond breaking can occur. If R = R 2 , the reaction stops after configuration B is reached. Figure 4a depicts the W (R) computed using this composite coordinate. The minimum associated with intermediate B is less stable than the reactant by 0.24±0.05 eV. This is less favorable than the −0.011 eV found at T=0 K (Table I) . The barrier between A and B also increases to a still modest 0.48±0.05 eV. The reason is most likely the entropy change which is included in W (R) but not in Fig. 3a . The 4-coordinated intermedate B is evidently more constrained and entropically unfavorable than the loosely bound, flat EC molecule (Fig. 2a) .
The AIMD-predicted barrier between intermediates B and C is smaller than that between A and B. The exothermicity between the W (R) minima associated with C and A is −0.06±0.06 eV, which is similar to the energy difference computed at T=0 K (−0.10 eV).
Thus, the main conclusion is that the liquid EC environment does not qualitatively modify the conclusions obtained under UHV conditions. and assuming a typical molecular vibrational prefactor of 10 12 /s, such an enthalpic barrier permits a 18/s reaction rate. As a typical battery charging/discharging rate is 1 C (i.e., takes about an hour), the predicted subsecond reaction rate means that EC oxidation proceeds readily during battery operations.
Next we consider temperature/solvent effects. Figure 4b depicts the AIMD W (R ′ ) for this segment of the reaction. We apply a second composite reaction coordinate (Fig. 4a) . The overall reaction exothermicity may be higher in the presence of liquid EC than under UHV conditions because the product is charged and stabilized by the high dielectric liquid environment. As the barrier is the main object of interest, we have not extended W (R ′ ) far into the product channel. It is sufficient to know that the reaction is strongly exothermic.
Note that the electron transfer from C to D occurs right at the electrode-solvent interface.
It is distinct from the long-range electron transfer mechanism experienced by "outershell" ionic complexes in classic electrochemical studies, and should consequently be much less influenced by the electric double layer.
Configuration D spontaneously reorganizes to E (Fig. 2e) after a 2 ps AIMD trajectory.
We have not computed the free energy barrier between these configurations, but it must be on the order of k B T for the conformation change to occur on such a short timescale.
E. Other products/intermediates are unfavorable Fig. 5a depicts an otherwise intact EC molecule with a proton transferred to the oxide surface. Compared to the intact adsorbed EC (Fig. 2a) , this configuration is endothermic by 0.398 eV. In contrast, removing a proton from the EC with a broken C C -O E bond (Fig. 2c) is exothermic by 2.057 eV overall. This shows that the non-oxidative, bond-breaking first steps strongly facilitate redox reactions on the spinel surface.
Several possible decomposition products, devised from breaking a C E -O E bond at various stages of the reaction, lead to higher total energies and/or high barriers and are ruled out. In Fig. 5b , we attempt to break a C E -O E bond in the Fig. 2a configuration to form a carbonatelike group in the first reaction step. The optimized metastable geometry is unfavorable by 1.562 eV compared to the physisorbed, intact EC (Fig. 2a) . Figure 5d explores the possibility of C E -O E bond-breaking following proton transfer (Fig. 2d) . The resulting product is far less stable than if the C E -O E bond remains intact (Fig. 2d ).
In conclusion, we have not found a favorable reaction pathway that yields CO 2 and/or acetaldehyde-like fragments. This suggests that the partially decomposed EC fragments chemisorbed on the (100) surface ( Fig. 2d & 2e) is stable under UHV conditions. Preliminary AIMD PMF simulations also show that breaking a EC bond in configuration D (Fig. 2d) or configuration E (Fig. 2e) to Fig. 5d exhibits large barriers.
However, the chemisorbed EC fragment (Fig. 2e) can potentially attack and react with other intact solvent molecules, potentially abstracting protons and/or electrons ("H − ") from them. This has not been observed in our AIMD simulations which are of limited duration.
In view of Refs. 65 and 66, it is also possible that further decomposition of the fragment can occur in the vicinity of anions in the electrolyte, which can act as proton shuttles.
IV. DISCUSSIONS A. Relevance to battery operating conditions
Our calculations focus on the clean Li x Mn 2 O 4 (100) surface, which has been the focus of almost all theoretical studies. 56,67 Thin Li 2 CO 3 films are known to exist on cathode oxide surfaces before cycling power. 29, 34 Since electrolyte decomposition products are observed on these oxides surfaces, it has been suggested that this film dissolves upon immersion in the electrolyte, during or prior to cycling power.
28,39,40
The reaction products and pathways reported on (100) are not meant to quantitively reproduce all experimental spinel facets present. If the adsorbed, partially decomposed EC + fragments (Fig. 2d,e) (Fig. 2e) to form volatile organic products. 65 This may expose reactive sites on the oxide surface, allowing other EC molecules to react and potentially deposit more protons. This will be considered in the future. The H 2 O/PF − 6 pathway discussed in the literature may also occur simultaneously with our predicted EC H + -donation mechanism.
As no counter electrode is present in the simulation cell, our AIMD simulations represent an open-circuit condition with a Li 0.6 Mn 2 O 4 stochiometry which may be more related to battery storage than charging experiments. For larger values of x, Mn(IV) has less tendency to reside on the oxide surface, and the reactivity of EC should decrease. This may be consistent with the observation that higher charging voltages yield more interfacial reactions. To some extent, our proposed EC decomposition mechanism (Fig. 2a-e C. More discussions on computational methods e − transfer between the EC and Mn ions, and between Mn ions, are implicitly assumed to exhibit lower barriers than the rate-determining step in the bond-breaking processes. This follows from the DFT (and DFT+U) calculations, where e − transfer events are implicitly assumed to adiabatically follow ionic trajectories. Non-adiabatic effects are not expected to dominate, because non-adiabatic polaron transport in spinel Mn 2 O 4 are not predicted to exhibit high barriers. 90 The e − transfer between configurations C (Fig. 2c) and D (Fig. 2d) is unlikely to be rate limiting either, because the partially decomposed EC molecule is covalently bonded to the surface, yielding robust e − conduction pathways. While hybrid functionals are generally more accurate than DFT+U for the C→D reaction which involves concerted electron and proton transfer, we have found that both methods predict similar energy changes (Table I) .
Zero point energy (ZPE) are not included in the energy changes reported in this work.
Most bond-breaking events examined involve "heavy" second row atoms. In some cases, a proton is transferred from a carbon to an oxygen atom. As C-H and O-H vibrational frequencies are within 20% of each other, ZPE should not strongly modify the predicted exothermicities. Proton transfer barriers would be even lower if ZPE is included.
Finally, we mention that the reaction pathway (Fig. 2) is chosen through trial and error.
A more systematic approach would be to apply metadynamics. [86] [87] [88] The transition path sampling approach can also be combined with AIMD simulations to yield more rigorous free energy barriers. The predicted EC fragment chemisorbed on the oxide (100) surface is likely not the final product. Our goal is not to reproduce the final distribution of organic decomposition products observed in battery experiments. In particular, our calculations do not extend to the high voltage region which seems to be required for CO 2 , one of the proposed final products. In Sec. III B, changes in Mn charge states within the oxide slab are briefly discussed.
They are explicitly depicted in this appendix. Fig. 6a shows that 6 Mn(III) and 2 Mn(IV)
ions in the Li 6 Mn 20 O 40 slab reside on the (100) surface. The physisorption of an intact EC on a surface Mn(IV) ion does not change this charge state distribution (Fig. 6b) . Upon breaking an EC C-O bond, however, the O atom on that broken bond becomes strongly bound to a surface Mn ion, which loses an electron to the adjacent, formerly Mn(IV) ion on the surface (Fig. 6c) . The oxidative step transfers two e − to the oxide slab. As a result, both a surface and an interior Mn(IV) turn into Mn(III) (Fig. 6d) .
The possibility of an EC adsorbed on a surface Mn(III) ion is also considered. Upon optimizing the Kohn-Sham wavefunctions and the geometry, the Mn(III) coordinated to the EC carbonyl oxygen reverts to an Mn(IV), with the extra electron migrating to another surface Mn(IV), converting that Mn to a Mn(III) (not shown). This suggests that the charge states of surface Mn ions strongly depend on whether molecules are coordinated to them, at least on this (100) surface.
We have also considered a larger, Li hydroxyl groups lead to a 1.027 eV binding energy after performing geometry optimization (Fig. 7b) . Thus dissociative chemisorption is more favorable than physisorption by 0.575 eV.
However, even this chemisorbed configuration may be metastable compared to one where the H + has penetrated into the subsurface layer (see below).
Next, we consider the effect of multiple hydroxyl groups on the surface. We turn to Starting from this optimized geometry, a 11 ps AIMD trajectory is conducted at T=450 K.
The final configuration is shown in Fig. 7d 
